High 37 Ar activity concentration in soil gas is proposed as a key evidence for the detection of underground nuclear explosion by the Comprehensive Nuclear Test-Ban Treaty. However, such a detection is challenged by the natural background of 37 Ar in the subsurface, mainly due to Ca activation by cosmic rays. A better understanding and improved capability to predict 37 Ar activity concentration in the subsurface and its spatial and temporal variability is thus required. A numerical model integrating 37 Ar production and transport in the subsurface is developed, including variable soil water content and water infiltration at the surface. A parameterized equation for 37 Ar production in the first 15 m below the surface is studied, taking into account the major production reactions and the moderation effect of soil water content. Using sensitivity analysis and uncertainty quantification, a realistic and comprehensive probability distribution of natural 37 Ar activity concentrations in soil gas is proposed, including the effects of water infiltration. Site location and soil composition are identified as the parameters allowing for a most effective reduction of the possible range of 37 Ar activity concentrations. The influence of soil water content on 37 Ar production is shown to be negligible to first order, while 37 Ar activity concentration in soil gas and its temporal variability appear to be strongly influenced by transient water infiltration events. These results will be used as a basis for practical CTBTO concepts of operation during an OSI.
Introduction
one order of magnitude higher than for K, Ca concentration is by far the dominant factor for the variability of 37 Ar production. 145 A scaling factor X sc for the neutron flux at the surface is introduced to 146 represent the variability of 37 Ar production due to latitude, altitude, but 147 also to the presence of snow cover. A layer of snow of 0.5 to 2 m thickness 148 causes an attenuation of 0.9 to 0.5 to the neutron flux at the surface (Dunai 149 et al., 2014) . The range of possible latitudes for a site leads to a scaling 150 factor from 0.55 to 1, while a range of 1 to 10 corresponds to altitudes from 151 sea level to 2000 m (Riedmann and Purtschert, 2011) . Scaling effects due to 152 topographic shielding as well as temporal variations of cosmic ray intensity 153 are not considered here. 154 Water in the pore space of the soil column increases the bulk density, 155 which reduces the attenuation length and thus 37 Ar production at depth 156 (Phillips et al., 2001) . 37 Ar production by fast neutrons R f ast (in kg·cm −3 ·s −1 )
where [Ca] is soil calcium concentration (in mg·kg −1 ), X sc is scaling factor for 159 surface neutron flux, Ψ * f (0) is the surface production normalized to location 160 and Ca content (in atom·cm −3 ·yr −1 ·mg −1 ·kg), z is depth below the surface (in 161 cm), φ is soil porosity, ρ g (resp ρ w ) is soil grain density (resp water density) 162 (in g·cm −3 ), S w is soil water content, and Λ f is attenuation length for fast 163 neutrons in soils or rocks (in g·cm −2 ). The values of the parameters are given 164 in Table 1 .
165 Table 1 : Parameters used for 37 Ar production following Equations (1) and (2) Parameter Unit Value Ψ * f (0) atom·cm −3 ·yr −1 ·mg −1 ·kg 1.41×10 −3 Λ f g·cm −2 200 ρ g g·cm −3 2.65 ρ w g·cm −3 1.0 Ψ * radio atom·cm −3 ·yr −1 ·mg −2 ·kg 2 4.58×10 −6 2.2.2. Radiogenic thermal neutrons 166 37 Ar production from radiogenic thermal neutrons produced by uranium 167 and thorium decay is also taken into account. This in situ contribution 168 6 becomes predominant below 10 to 15 m, where the cosmic ray induced pro-169 duction has decreased.
170
The probability to reach thermal energies increases with increasing water 171 content (Phillips et al., 2001) . However since flux and reaction cross-sections 172 for fast neutrons dominate for 37 Ar production in the shallow alluvium, the 173 effect of water for low energy neutrons was neglected here.
174
A simplified equation for 37 Ar production from radiogenic neutrons is 175 taken, based on Lehmann et al. (1993) :
where [U] is soil uranium concentration (in mg·kg −1 ), and Ψ * radio is the radio-177 genic production normalized to rock composition (in atom·cm −3 ·yr −1 ·mg −2 ·kg 2 ).
178
The value of Ψ * radio is given in Emanation is defined as the ratio of the amount of 37 Ar atoms released 183 in the pore space to the total amount of 37 Ar atoms produced in the grains.
184
The recoil length of 37 Ar in grains is only 0.38 µm (Onstott et al., 1995) , and 185 therefore only 37 Ar atoms produced from Ca or K atoms located closer than 186 this distance to a grain boundary can be released in the pore space. Some of 187 these 37 Ar atoms will however be trapped into the opposite grain. Data from 188 groundwater studies (Lehmann and Purtschert, 1997; Pearson et al., 1991) 189 indicate 37 Ar emanation in the range 2 to 7%.
190
A water film increases emanation since recoiling atoms are more likely 191 stopped within the pore space instead of in the opposite grain. This effect 192 has been investigated for radon by numerical models and experimental data 193 (Adler and Perrier, 2009; Barillon et al., 2005) . A similar approach was used 194 for 37 Ar here:
where E is argon emanation, E max is the maximum argon emanation at full 196 water saturation, S s is saturation threshold below which emanation decreases 197 rapidly.
198
While emanation gives the amount of 37 Ar atoms released in the pore Table 2 , along with the ranges of variability that 207 were chosen.
208
A total of 5000 sets of parameters were sampled using PSUADE and 209 Latin hypercube. The corresponding depth dependent production terms were 210 calculated. PSUADE was again used to determine the total Sobol sensitivity 211 coefficients of 37 Ar production, that are presented in Table 2 . Table 3 . For each depth, the probability density function 256 of 37 Ar activity concentrations in soil gas was calculated from the models 257 outputs at that depth. Figure 1a presents these probability density functions 258 9 versus depth. Scatter plots of the output variables as a function of the most influencing parameters are in Figure 2 . Table 3 : Sensitivity analysis in the homogeneous sandy soil case: uncertain parameters, ranges of values and total Sobol sensitivity for 37 Ar activity concentration in soil gas and range of variability at 1 m, as well as depth of 37 Ar peak. Input ranges are given either by interval for uniform distribution (U), and mean and standard deviation for normal distribution (N). The second case deals with the effect of spatial heterogeneity on 37 Ar 262 activity concentration in soil gas. As will be explained in Section 3, the 263 modulation of 37 Ar production by soil water content was found to be negli-264 gible in the production and transport model, and is not considered in this The numerical scheme is defined as in the first case, with constant infiltration, 274 atmospheric pressure fluctuations and 37 Ar production.
212
Parameter PDF Sensitivity 37 Ar ∆ 37 Ar Peak depth Φ N 0.35 ± 20% 0.20 0.09 0.59 log(k) N -11.5 ± 10% 0.35 0.58 0.02 Ca (mg·kg −1 ) N 4.38 ± 20% 0.21 0.09 0.34 U (mg·kg −1 ) N 2.7 ± 40% 0.21 0.02 0.002 m U [0.5236 ; 0.7920] ≤10 −3 0.003 0.002 log(α) U [-
275
In this case, the number of uncertain parameters amounts to 16, as listed 276 in Figure 3 presents the average 37 Ar activity concentration in soil gas and soil 280 water saturation for one of the model realizations. The 8 uncertain parameters and their defined ranges are listed in Table 5 .
281
≤10 −2 ≤10 −2 Correlation length a x 10 50 ≤10 −2 ≤10 −2 0.03 Correlation length a z 0.2 2 ≤10 −2 ≤10 −2 0.17 Φ (Sand) 0.25 0.50 0.02 ≤10 −2 ≤10 −2 Φ (Clay) 0.33 0.60 ≤10 −2 ≤10 −2 0 k (m 2 ) (Sand) 10 −12 10 −9 0.04 0.01 ≤10 −2 k (m 2 ) (Clay) 10 −17 10 −13 ≤10 −2 ≤10 −2 0.39 m (Sand) 0.5 0.8 ≤10 −2 ≤10 −2 0.
302
A total of 1000 sets of parameters were sampled using Monte Carlo method 303 and following these distributions. As in the second case, the modulation 304 of 37 Ar production by soil water content was not considered in the model.
305
The numerical scheme is the same as for the two other cases. Similar to 306 the first case, probability density of 37 Ar activity concentrations in soil gas is 307 presented in Figure 1b , and scatter plots of the output variables as a function 308 of the most influencing parameters are in Figure 2 .
309 Table 5 : Sensitivity analysis in the specific sandy soil case with transient infiltration: uncertain parameters, ranges of values and total Sobol sensitivity for 37 Ar activity concentration in soil gas and range of variability at 1 m, as well as depth of 37 Ar peak. Input ranges are given either by interval for uniform distribution (U), and mean and standard deviation for normal distribution (N). The parameters controlling 37 Ar activity concentration in soils are ranked 316 in Table 2 from the most to the least influential. In a global perspective, the 317 variability from one site to the other is mainly controlled by the Ca concen-318 tration of the rock matrix. The geographical location of the site, altitude, 319 latitude but also presence of snow cover at the surface, scales the surface 320 neutron flux and production and is the third most important parameter.
Parameter

321
At a given site, the largest variability of 37 Ar activity concentration in 322 the subsurface arises from exponential decrease of cosmic ray neutron flux 323 with depth. The influence of the K content was found to be negligible, and a 324 constant K content was assumed in all the coupled production and transport 325 simulations.
326
The main influence of the soil water content on 37 Ar production is a faster 327 moderation of high energy neutrons with depth, leading to a shorter atten-328 uation length. In combination with a reduced gas porosity and permeability 329 at high soil water content, this shifts the 37 Ar activity concentration peak to-330 wards shallower depths. At greater depth, soil water affects the 37 Ar activity 331 concentrations mainly in relation to emanation and water/gas partitioning.
332
However, as will be discussed below, water is of second order importance for 333 its effects on 37 Ar production in contrast to its effects on gas transport. cially when the number of parameters is large, as in the second case (Table   341   4 ). It must also be kept in mind that these sensitivity coefficients depends 342 on the chosen ranges for the input parameters. Sensitivity coefficients were 343 thus combined with scatter plots (Figure 2) to identify the most important 344 parameters in the homogeneous cases. The global shape of 37 Ar profile in the subsurface shows a maximum value 346 at shallow depth, between 2 to 5 m (Figures 1a and b) , as already known from 347 the literature (Carrigan and Sun, 2014; Riedmann and Purtschert, 2011) . 
352
Consistently with this diffusive transport, the depth of 37 Ar peak is mainly 353 controlled by soil tortuosity and porosity (Figures 2e and f) . When poros-354 ity or tortuosity are large, the depth range for diffusive exchange with the 355 atmosphere becomes larger and thus the peak becomes deeper.
356
The average value of 37 Ar activity concentration in the shallow subsurface 357 is found to be controlled by Ca content and by neutron scaling (Figure 2a) , 358 in agreement with findings obtained by Riedmann and Purtschert (2011).
359
At a specific site with better constraints on Ca content, the neutron scaling 360 factor becomes the main controlling parameter, which is one of the easiest factors to be estimated since it depends mainly on the (known) geographical 362 location and altitude. Besides this production effect, higher 37 Ar activity 363 concentrations in soil gas at 1 m depth are also obtained at low permeability 364 and low tortuosity, which is explained by the reduced ventilation and diffusion 365 into the atmosphere.
366
As opposed to what was discussed for 37 Ar production, soil water content 367 and water infiltration play a major role in 37 Ar transport dynamics through 368 several processes. High 37 Ar activities are obtained for soils with high water 369 saturation, either because of a large infiltration rate or because of the wa-370 ter retention properties of the soil. This can be explained by two processes: 371 on the one hand, the exchange rate between the soil and the atmosphere, (Figure 2c) .
386
Under steady-state water saturation conditions (first case), a higher per-387 meability facilitates transport, e.g. due to barometric pumping. In the tran-388 sient water saturation scenario (third case), this effect is masked by the 389 restriction of soil transport properties and the increased gas-water partition-390 ing, which both lead to a higher 37 Ar variability with lower permeability. A 391 small effect of the α parameter is also obtained (Figure 2d ), and confirms 392 this role of water saturation.
393
In the heterogeneous case, the same processes are at play, but the typical 394 shape of 37 Ar depth profile is lost because of the spatial variability between 395 sand and clay. The high water saturation in clay layers is systematically 396 associated with high 37 Ar activities (Figure 3) , which is explained by the 397 aforementioned partitioning effect.
398 Figure 3 : 37 Ar activity concentration in soil gas (a) and water saturation (b) maps, in the case of a heterogeneous model with clay (high water saturation) and sand patches.
3.3. Uncertainty on average 37 Ar depth profile depth is represented for the homogeneous sandy soil case in Figure 1a , and 401 for the Belp site with transient infiltration in Figure 1b .
402
In the general and poorly constrained case, there is a very large un-403 certainty of 3 orders of magnitude on 37 Ar activity concentration at depth 404 (Figure 1a ), from less than 1 mBq·m −3 (below detection limit), to several 405 Bq·m −3 . The range of variability becomes even larger when heterogeneity 406 is considered (data not shown). This uncertainty reduces to one order of 407 magnitude in the more constrained Belp case (Figure 1b ). An uncertainty 408 limited to one order of magnitude or less was also obtained in previous works While the uncertainty on the average 37 Ar depth profile is mainly due 417 to production, the temporal variability of 37 Ar activity concentration at a 418 specific point is driven by transport processes, and especially by water infil-419 tration.
420
To our knowledge, this study is the first detailed investigation of the 421 temporal dynamics of 37 Ar in the subsurface. A large temporal variability 422 is obtained in the simulations (Figure 2c and d) . The temporal dynamics 423 are rapidly attenuated in the first meters below the surface, pressure or in-424 filtration perturbations being dampened in geological media. The variability 425 solely due to barometric pumping is 10 to 40% of the average activity con-426 centration at 1 m, and decreases to 3 to 15% at 5 m depth. When transient 427 rain events are considered, the range of variability increases in the range 20 428 to 100% at 1 m (Figure 2c ), and 10 to 60% at 5 m depth.
429 Figure 4 illustrates the dynamics of 37 Ar activity concentration in soil gas 430 at 1 and 5 m depth for one arbitrarily chosen set of parameters, along with the 431 surface forcings, namely infiltration and atmospheric pressure fluctuations.
432
Water infiltration events clearly lead to a greater 37 Ar variability compared 433 to barometric pumping. In Figure 4 , peaks of 37 Ar activity concentration in 434 the subsurface are obtained following the periods of large infiltration. The amplitude of such peaks could be slightly enhanced by the decreasing baro-436 metric pressure that often accompanies rain events.
437
The processes coupling water infiltration events and increased 37 Ar activ-438 ity concentration in the subsurface have already been discussed above.
439
These results regarding 37 Ar temporal dynamics in the subsurface have 440 been obtained for given barometric pressure and water infiltration time series.
441
The sensitivity to these forcings will have to be investigated in the future, as 442 was done for radioxenon migration and barometric pressure by Jordan et al.
443
(2014). However, the general conclusions can easily be adapted to any site, 444 with its hydrogeological and meteorological conditions. In dry locations, 445 barometric pumping will become the main process driving 37 Ar temporal 446 18 variations, but the range of variability is not expected to be of more than a 447 few percent. The main contributions of this work are first to propose a realistic and
